Epithelial-cadherin (Ecad) deregulation affects cell-cell adhesion and results in increased invasiveness of distinct human carcinomas. In gastric cancer, loss of Ecad expression is a common event and is associated with disease aggressiveness and poor prognosis. However, the molecular mechanisms underlying the invasive process associated to Ecad dysfunction are far from understood. We hypothesized that deregulation of cell-matrix interactions could play an important role during this process. Thus, we focussed on LM-332, which is a major matrix component, and in Ecad/LM-332 crosstalk in the process of Ecaddependent invasion. To verify whether matrix deregulation was triggered by Ecad loss, we used the Drosophila model. To dissect the key molecules involved and unveil their functional significance, we used gastric cancer cell lines. The relevance of this relationship was then confirmed in human primary tumours. In vivo, Ecad knockdown induced apoptosis; nonetheless, at the invasive front, cells ectopically expressed Laminin A and βPS integrin. In vitro, we demonstrated that, in two different gastric cancer cell models, Ecad-defective cells overexpressed Laminin γ2 (LM-γ2), β1 and β4 integrin, when compared with Ecadcompetent ones. We showed that LM-γ2 silencing impaired invasion and enhanced cell death, most likely via pSrc and pAkt reduction, and JNK activation. In human gastric carcinomas, we found a concomitant decrease in Ecad and increase in LM-γ2. This is the first evidence that ectopic Laminin expression depends on Ecad loss and allows Ecad-dysfunctional cells to survive and invade. This opens new avenues for using LM-γ2 signalling regulators as molecular targets to impair gastric cancer progression. †
Introduction
Epithelial-cadherin (Ecad) is a major contributor to cell-cell adhesion and tissue integrity, playing critical mechanical and signalling functions in epithelial cells (1) . In cancer, Ecad aberrant expression and/or function is frequently associated with an increased invasive behaviour (1, 2) . Particularly, in gastric cancer, deficient Ecad membrane staining is found in more than 80% of all cases (either sporadic or hereditary), affecting cell-cell adhesion and increasing cell invasive potential, which is a key step in cancer progression (3) (4) (5) (6) (7) (8) (9) (10) . Nevertheless, the mechanisms by which Ecad-defective cells invade the adjacent stroma are still largely unknown.
Recently, it has been suggested that deregulation of cell-cell adhesion could result in abnormal interactions between cells and the extracellular matrix and, in this way, promote cancer invasion and metastization (11) . Interestingly, Laminin-332 (LM-332, also named Laminin-5) overexpression has been reported in gastric cancer, particularly in its γ2 monomeric form, and is considered a poor prognostic factor (12) (13) (14) (15) . This large-molecular-weight glycoprotein is the major basement membrane component, unique to epithelial cells. It consists of α3, β3 and γ2 subunits organized in a cruciform structure and is known to modulate cell migration and invasion, especially in its soluble form (13, 16, 17) .
Therefore, both Ecad and LM-332 deregulation seem to correlate with the invasive process in gastric cancer. However, to our knowledge, a causal relationship between Ecad loss and LM-332 upregulation has not been described. In this work, we aimed to investigate if Ecad silencing results in LM-332 accumulation and to understand how this interplay affects disease progression. To verify whether LM-332 upregulation was triggered by Ecad loss in a wild-type epithelium, we used the Drosophila model.
Fruit flies have been widely used to study human disease given the high degree of preservation in terms of basic mechanisms and signalling pathways between flies and man. Still, the greatest strength of using Drosophila lies in its ability to model cancer hallmarks in a variety of tissues (18) . Elegant genetic techniques enable the study of context-dependent tumourigenesis and provide insights into how tumour cells cooperate with their microenvironment to promote tumourigenesis (18) (19) (20) .
Further, we took advantage of human gastric cancer cell lines to investigate the signalling pathways involved in this Ecad/Laminin crosstalk. Overexpression and inhibition systems were used to modulate Ecad and Laminin. Using the in vitro gastric cancer model, we also unveiled the biological impact of Laminin γ2 (LM-γ2) on Ecad-defective cells. Then, we evaluated and validated the Ecad/Laminin crosstalk in primary tumours.
Herein, we demonstrate that Ecad-dependent invasion results from an imbalance between cell-cell and cell-matrix interactions. Using both in vivo and in vitro models, we were able to unravel the underlying signalling pathway controlling this process.
Results

In vivo DEcad knockdown results in de novo Laminin A expression accumulation
Previous work has demonstrated the usefulness of Drosophila as a model to identify interactors of Ecad (21) (22) (23) . Herein, we used the fly model to determine the molecular mechanisms activated in vivo upon Ecad loss. We used the Upstream Activating Sequences (UAS) Gal4 system to simultaneously express Drosophila Ecad (DEcad) double-stranded RNA (dsRNA) and GFP in the fly primordium (known as wing disc). The hedgehog-Gal4 (hh-Gal4) driver enabled targeted expression to the posterior compartment, leaving the anterior compartment as internal control (Fig. 1B) .
We verified that DEcad knockdown (DEcad KD) was effective ( Fig. 1D and D′) and induced massive cell death, as observed by an enrichment in Caspase-3 staining (Fig. 1D″) , which monitors apoptosis and caspase activation in Drosophila (24). DEcad-defective cells located at the border between the two tissue contexts seem, however, to survive. Remarkably, juxtaposed to the resistant DEcad-defective cells, we detected an upregulation of Laminin A (LanA), which is the Drosophila orthologue of LAMA3, one of the subunits (together with LAMB3 and LAMC2) of LM-332, a crucial basement membrane component (Fig. 1E-E‴) (25) . To verify if upregulation of LanA was dependent on caspase activation, we blocked cell death by simultaneous expression of the apoptosis inhibitor p35. As shown in Figure 1F -F‴, apoptosis inhibition did not affect LanA overexpression pattern, suggesting that this particular effect does not depend on the apoptotic stimulus.
Thus, to understand if LanA accumulation is triggered by differences in DEcad levels, we used a distinct driver, patched-Gal4 ( ptc-Gal4), that directs expression in a stripe along the anteriorposterior boundary, fading away in cells distant from the border (Fig. 1C) (26, 27) . In this context, LanA overexpression was only recapitulated at the most posterior edge (Fig. 1G-G‴) , where the reduction of DEcad was higher, and occurred concomitantly with an enrichment in βPS integrin (Fig. 1H-H‴) , a subunit that is part of the LanA receptor.
Taken together, we demonstrate that in vivo DEcad KD induces the accumulation of LanA and its integrin receptor at the interface between resistant Ecad-defective cells and their wild-type counterparts.
Ecad-defective gastric cancer cells overexpress LM-γ2, β1 and β4 integrin
To support that Ecad modulation leads to ectopic expression of Laminin in a gastric cancer cell context, we used two human gastric cancer cell lines: AGS and MNK28 (28) . AGS cells are completely negative for Ecad protein expression due to the presence of a truncating mutation (29) together with loss of heterozygosity (LOH). In addition, AGS represents a reliable in vitro model for Ecad loss of function as it shows invasive properties and loss of cell-cell adhesiveness. MNK28, which expresses wild-type and functional Ecad, was used to address the inverse situation.
First, we compared AGS parental cells and AGS cells stably transfected with wild-type Ecad (AGS Ecad). We observed that AGS parental cells ( Fig. 2A ) recapitulated LM-γ2 (the subunit used to identify LM-332) overexpression (Fig. 2A′ ) and integrin upregulation, particularly β1 (Fig. 2A″ ) and β4 (Fig. 2A‴) subunits. When compared with AGS Ecad, AGS cells present a 6.8-fold increase in LM-γ2 (P = 2.8E − 5) expression, 1.3-fold in integrin β1 (P = 0.01) and 2.13-fold in integrin β4 (P = 0.009). Soluble LM-γ2 and LM-α3 (Supplementary Material, Fig. S1 ) were also overexpressed in AGS cells (1.2-fold, P = 0.02 and 1.6-fold, P = 0.02, respectively), but not in AGS Ecad.
To strengthen our results, MKN28 were transfected with siRNAs targeting Ecad. Upon transfection, a significant increase in LM-γ2 (4.3-fold, P = 0.02), integrin β1 (2.6-fold) and β4 (1.23-fold, P = 0.007) expression was clearly observed (Fig. 2B-B‴) .
Thus, in human gastric cancer cell lines, Ecad loss induces laminin and integrin overexpression. 
Laminin upregulation induces survival and invasion of Ecad-defective cells
In order to address the functional role of LM-γ2, we performed specific inhibition of LM-γ2 in AGS parental cells, negative for Ecad, and thereafter evaluated their invasive behaviour. Matrigel invasion assays were used, given that they better mimic the basement membrane composition in vitro: this matrix contains not only structural proteins such as collagens, fibronectin, laminin (mainly Laminin-111), and proteoglycans, but also growth factors like TGF-β, epidermal growth factor (EGF), insulin-like growth factor (IGF), fibroblast growth factor (FGF) and tissue plasminogen activator (tPA) (30,31). We verified that silencing LM-γ2 (Fig. 3A) significantly suppressed the number of invasive cells (from 100% to 57%, P = 0.0007, Fig. 3B ), indicating that LM-γ2 is crucial for cell invasion. Furthermore, this decreased invasiveness, upon LM-γ2 downregulation, occurs concomitantly with an enhancement of cell-cell adhesion (Supplementary Material, Fig. S2A ).
Given that integrin α3β1 binding to LM-332 has been shown to promote lamellipodia extension via Src activation (32), we investigated pSrc levels in AGS cells silenced for LM-γ2. We showed that cells transfected with siLAMC2 display decreased pSrc levels (from 1 to 0.56, P = 0.04, Fig. 3C ), suggesting that Src activation could be involved in regulating LM-γ2 invasive potential. The same effects were demonstrated in AGS Ecad cells (Supplementary Material, Fig. S3 ).
Interestingly, it is now well established that the α3β1 and α6β4 integrin receptors for LM-332 promote cell survival in several cancer cell lines (33) (34) (35) (36) (37) . Accordingly, we decided to dissect the role of LM-γ2 in gastric cancer cell survival. We verified that under apoptotic conditions, induced by taxol treatment, AGS cells silenced for LM-γ2 showed a significant increase in Caspase-3 activation (a key apoptotic effector), when compared with AGS control cells (from 1 to 2.48, P = 0.03, Fig. 3D ).
Consistent with this LM-γ2 pro-survival role, JNK, another master regulator of apoptosis (38, 39) , was also induced upon LM-γ2 depletion (Fig. 3E) . Moreover, the levels of pAkt (a general mediator of the anti-apoptotic response) (40) decreased from 1 to 0.78 in the absence of LM-γ2 (Fig. 3F) .
The effect of LM-γ2 silencing on β1 or β4 integrin expression levels was also tested, and no differences were observed upon siRNA treatment (Supplementary Material, Fig. S2B ).
All together, these results show that LM-γ2 overexpression promotes survival and invasion of Ecad-defective gastric cancer cells.
Gastric primary tumours lose Ecad and gain LM-γ2 expression
Then, we aimed to investigate the relevance of LM-γ2 in gastric cancer. We used data publicly available on the Human Protein Atlas (41, 42) to evaluate Ecad and LM-γ2 expression patterns in human normal stomach tissue and gastric carcinomas. In normal gastric tissue, LM-γ2 was weakly expressed, whereas Ecad was strongly upregulated (Fig. 4A and B, Supplementary Material,  Figs S4A and S5A) . In contrast, 80% (8 out of 10) of gastric cancer samples showed 'strong' to 'moderate' LM-γ2 expression levels ( Fig. 4A and B and Supplementary Material, Fig. S5B ). Despite the fact that only 33% of the tumour samples are annotated to have 'moderate' (1787, 2195 and 2959 in Supplementary Material, Fig. S4B ) or 'negative' (3063 in Supplementary Material, Fig. S4B ) Ecad expression, when compared with the 'strong' intensity observed in normal tissue (Fig. 4B) , this is a clear underestimation, given that in contrast to normal gastric mucosa (Supplementary Material, Fig. S4A ), Ecad expression seems to be decreased in most cancer cases (Supplementary Material, Fig. S4B ). Regarding the number of cells expressing LM-γ2, it is also increased in 20% (2 out of 10) of gastric cancer cases evaluated, when compared with normal stomach. Concomitantly, the fraction of Ecad positively stained cells diminished in 17% (2 out of 12) of the individuals with the disease. This Ecad/LM-γ2 inverse correlation could not be confirmed at the individual tumour level as the data available in the Human Protein Atlas did not include the same cases for both stainings. Alternatively, we tried to address this issue by performing immunohistochemistry in normal stomach and gastric tumour tissues, but we could not successfully overcome several technical difficulties.
These results strongly support a role for LM-γ2 in Ecadmediated gastric carcinogenesis. 
Discussion
This study highlights the value of our integrative/complementary approach to dissect the basic mechanisms regulating Ecadmediated carcinogenesis. Using both in vivo and in vitro models, we were able to unravel a molecular pathway to invasion, which is dependent on Ecad dysfunction.
Using a Drosophila model, we demonstrated for the first time that, within a normal epithelial tissue, Laminin is overexpressed as a consequence of Ecad loss. Although DEcad downregulation results in massive cell death, as previously reported (43-45), DEcad-negative cells ectopically expressing Laminin could be frequently found in the normal epithelial compartment (data not shown), suggesting an increased capacity to evade cell death and invade the neighbouring tissues. Together with Laminin accumulation, we detected integrin overexpression and showed that this effect depends on the existence of a sharp difference in DEcad levels between DEcad+ and DEcad-cells.
To prove the interdependence of Ecad and Laminin/ integrin accumulation in a gastric cancer context, we used two independent in vitro systems: one based on Ecad overexpression and the other dependent on Ecad knockdown. By comparing AGS (Ecad-) and AGS Ecad cell lines, we verified that Ecad-defective cells overexpress LM-γ2 (the subunit used to identify LM-332), as well as its β1 and β4 integrin receptors. The same effects were observed in MKN28 cells upon Ecad silencing. In fact, the crosstalk of Ecad and β1 integrin is currently well known (46, 47) ; nevertheless, it has never been demonstrated that Ecad loss triggers extracellular matrix remodelling through de novo synthesis/ secretion of matrix components.
Given that an increase in γ2 staining could reflect protein level differences or cleavage, we evaluated whether the cleaved (soluble) form of LM-γ2 was also increased in Ecad-deficient gastric cancer cells. Our results clearly demonstrate that alterations in both LM-γ2 cleaved and unprocessed forms are Ecad dependent. Further, to verify if Ecad affects LM-332 isoform or a particular laminin subunit, we assessed the expression level of α3 chain. We found that LM-γ2 upregulation was accompanied by LM-α3 overexpression. Still, LM-γ2 levels increase to a higher extent than LM-α3, which might be explained by uncoupled regulation of LM-332 subunits, already described in the literature (48, 49) .
To unravel the functional significance of LM-γ2 accumulation and disclose the signalling pathways affected in Ecad-defective cells, once again we took advantage of our in vitro cancer cell model. We found that LM-γ2 promotes cell survival via Akt activation and JNK downregulation and induces invasion by increasing Src activity (Fig. 5) . Indeed, AKT and Src overactivation are commonly found in human malignancies such as gastric cancer and are associated with the development, progression, metastization and poor prognosis of the disease (50, 51) . Pharmacological inhibitors of these molecules are currently under study and, as suggested by our results, can be promising therapies for cancers with Ecad loss (51) .
How LM-γ2 affects Src, Akt and JNK activity remains to be determined. These effects may be mediated via ligation of LM-332 to integrin signalling receptors, since gastric cancer cells, like fly tissues that lost Ecad, also accumulate β1 and β4 integrin subunits (independently of LM-γ2).
In agreement with LM-γ2 oncogenic role, increased cell-cell adhesiveness was also observed upon LM-γ2 inhibition. Indeed, a previous report from Kawano et al., using squamous cell carcinoma cells, already showed that loss of extracellular matrix adhesion induces Ecad-dependent aggregation (52) . In line with this, we observed Ecad upregulation in AGS Ecad cells silenced for LM-γ2. Still, in AGS parental cells, other adhesion molecules might be upregulated.
Finally, the analysis of the Human Protein Atlas database allowed us to validate our results in human gastric cancer samples, by showing an overall trend for Ecad to decrease and for LM-γ2 to increase, concomitantly. In the future, this correlation should be addressed at the individual tumour level, what was technically hard to do at this time, given technical limitations and a reduced sample size. Nevertheless, our present findings indicate that LM-γ2 regulation by Ecad is crucial during gastric cancer development. In conclusion, we unravelled novel biological functions for LM-γ2 in gastric cancer progression and disclosed its molecular mechanism. As illustrated in our model (Fig. 5) , we propose that LM-γ2 upregulation may constitute an adaptive stimulus that allows Ecad-defective cells to escape anoikis and invade, contributing to cancer progression. We advance that LM-332 regulators could represent very attractive targets for Ecaddependent gastric cancer therapeutics.
Materials and Methods
Drosophila strains and genetic manipulations
The Gal4/UAS system was used for targeted gene expression in Drosophila tissues (53) . The hh-Gal4 (a gift from T. Tabata (54)) line restricts the expression of UAS-controlled transgenes to the posterior compartment of wing imaginal discs and is described in Flybase (http://flybase.bio.indiana.edu) (54) . ptc-Gal4 is expressed in a stripe of wing disc cells, in a gradient, along the anteriorposterior boundary (26, 27) . UAS-GFP (55) and UAS-mCherry (35 787 from Bloomington Drosophila Stock Center, Indiana University, Bloomington, IN, USA) were used as expression reporters. DEcad KD was performed using an UAS-DEcad-RNAi line from the Vienna Drosophila Resource Center (VDRC), Vienna, Austria (Transformant ID 27081), and UAS-p35 (56) was used to block caspase-dependent cell death (57) . For immunostainings ( performed as in (58)), the following reagents were used: TO-PRO-3 nuclear stain (1:1000, Molecular Probes, Carlsbad, CA, USA), rat anti-DEcad [1:100, CAD2 from Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA, USA], rabbit anti-cleaved Casp3 (1:150 Cell Signalling, Beverly, MA, USA), mouse anti-βPS (1:20, CF.6G11, DSHB) and rabbit anti-LanA (1:1000 (59)). Both anti-βPS and anti-LanA were a gift from Stefan Baumgartner. Appropriate Alexa-Fluor conjugated secondary antibodies were from Molecular Probes. Imaging of third instar wing imaginal discs was performed on Leica SP2 or SP5 confocal systems (Leica Microsystems GmbH, Wetzlar, Germany) and further processed using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA).
Cell lines and transfection
AGS parental cells from the American Type Culture Collection (ATCC) and AGS Ecad cells (stably transfected with Ecad cDNA using a pLenti6/V5 construct and further selected with 5 µg/ml of blasticidin) were used and maintained in RPMI 1640 (Gibco, Invitrogen, Barcelona, Spain) supplemented with 10% foetal bovine serum (Hyclone, Logan, UT) and 1% penicillin-streptomycin (Pen Strep-Gibco, Invitrogen). AGS Ecad cells were provided by Céu Figueiredo (29) . MKN28 cells were maintained in the same medium. All the cell lines were seeded in six-well plates. Twenty-four hours after seeding, cells were transfected using Lipofectamine 2000 (Gibco, Invitrogen) in serum-free Opti-MEM (Gibco, Invitrogen), and siLAMC2, siCDH1 or non-targeting siRNA controls (ON-TARGETplus SMART pool and ON-TARGETplus Non-Targeting siRNAs, both from Dharmacon Lafayette, CO, USA) at a final concentration of 200 nM (this values were optimized to achieve the highest silencing efficiency with the lowest toxicity). To test cell response against an apoptotic stimulus, 24 h upon transfection, AGS cells were treated with the apoptotic 
Western blotting
Cells were lysed in cold catenin lysis buffer (1% Triton X-100, 1% Nonidet P-40, both from Sigma, in phosphate-buffered solution, PBS) enriched with a protease and phosphatase inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany and Sigma, respectively). Protein samples (25 µg) were separated by sodium dodecyl sulphate (SDS) 10% polyacrylamide gel electrophoresis (PAGE) and electroblotted onto a Hybond ECL membrane (Amersham Biosciences). Primary antibodies included mouse anti-Ecad (1:1000, BD Biosciences, San Jose, CA, USA), mouse anti-α-tubulin (1:10 000, Sigma), mouse anti-laminin γ2, clone D4B5 (1:250, Merck Millipore, Darmstadt, Germany), mouse anti-laminin α3, clone 12C4 (1:500, Merck Millipore), mouse anti-integrin β1 (1:1000, BD Biosciences), rabbit anti-integrin β4 (1:1000, Cell Signalling), rabbit anti-Phospho SAPK/JNK (Thr183/Tyr185) (1:1000, Cell Signalling), rabbit anti-SAPK/JNK (1:1000, Cell Signalling), rabbit anti-Phospho Akt (Thr308) (1:1000, Cell Signalling), rabbit anti-Phospho Src (Tyr416) (1:1000, Cell Signalling) and mouse anti-Casp3 (1:1000, Cell Signalling). Donkey anti-rabbit (1:4000, Amersham Biosciences) and sheep anti-mouse (1:4000, Amersham Biosciences) HRPconjugated secondary antibodies were used, followed by ECL detection (Amersham Biosciences). Bands were quantified using Quantity One 4.6.8 Software (Bio-Rad, Amadora, Portugal).
Matrigel invasion assay
Invasion assays were performed using Matrigel Invasion Chambers (BD Biocoat, Erembodegem, Belgium). Twenty-four hours after transfection, inserts containing a polyethylene terephthalate (PET) membrane with 8 µm pores and coated with matrigel basement membrane matrix were placed inside a 24-well plate. Five hundred microliters of a culture medium suspension with 2 × 10 5 cells/ml were added to the top of the chambers, whereas 750 µl of complete medium was placed under the insert. After 24 h at 37°C (corresponding to 48 h after transfection), in a 5% CO 2 atmosphere, cells on the upper side of the membrane (noninvasive) were removed by scraping with a cotton bud, and invasive cells were fixed for 20 min in ice-cold methanol. Inserts were then washed in PBS. The membranes were removed and mounted on a slide in Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Invasive cells were counted under Leica DM2000 (Leica, Cambridge, UK) fluorescence microscope.
Slow aggregation assay
Fifty microliters of an agar solution (100 mg of Bacto-Agar in 15 ml of PBS) were used to coat 96-well plates (60) . Adherent cells were treated with trypsin and resuspended in culture medium to a final concentration of 1 × 10 5 cells/ml. Two hundred microliters of this suspension were added to each well (60) . After 48 h at 37°C, in a 5% CO 2 atmosphere, aggregation was assessed under an inverted microscope. Images were captured with a Nikon (Tokyo, Japan) digital camera.
Immunohistochemistry
Stomach tissue samples examined are part of a large Tissue Microarray analysis platform, annotated in the Human Protein Atlas database (41, 42) . Each sample, collected from surgical specimens, with approval from the local ethics committee (Stockholm, Sweden), is represented by a 1 mm circular core. We evaluated normal tissue from 6 individuals and cancer tissue from 22 patients. All antibodies were previously validated, and the protocols for immunohistochemistry and tissue digital imaging had already been described (42) . Representative Ecad and Laminin γ2 images were chosen from normal (Patients 1469 and 2326) and stomach cancer (Patients 3063 and 2645) samples, and the antibodies CAB028364 and CAB004257 were chosen for Ecad and Laminin γ2 staining, respectively. We selected them because they are monoclonal and, as so, more specific. In addition, HPA024638 antibody against Laminin γ2 showed a very unspecific cytoplasmic pattern in normal tissue (Supplementary Material, Fig. S6 ) and not the expected basement membrane staining (12) . For that, we excluded it from the analysis. Concerning Ecad antibodies, two of the available ones were monoclonal, but we chose the one for which the antigen was known. 
Statistical analysis
Statistical analyses were performed using Student's t-test.
Results (from at least three independent biological replicates) are expressed as mean ± standard error (SE). Values from P ≤ 0.05 were considered statistically significant, although, in some cases, higher levels of significance are noted and described in the figure legends where applicable: *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.
Supplementary Material
Supplementary Material is available at HMG online.
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